A coupled physical/biological/optical model was developed to investigate the causes of phytoplankton variability in the spring 1979 Mid-Atlantic Bight (MAB) as observed in Coastal Zone Color Scanner (CZCS) imagery, and to estimate the magnitude and variability of primary production. The model incorporated advection, mixing, sinking, growth as a function of light, temperature, and nutrient availability, and death as a function of ingestion. These variables were assumed to determine the large-scale, low-frequency variability of phytoplankton distributions. The model also contained two phytoplankton groups, netplankton and nanoplankton, which differed in maximum growth rate, sinking rate, and specific light absorption. The model produced chlorophyll concentrations within the first attenuation depth within 1 standard deviation of CZCS imagery on large scale (i.e., over regions about 50 km in width). This suggested the model represented the physical/biological coupling often observed in imagery. The two phytoplankton groups used in the model were initialized to equal distributions throughout the model domain and organized in the course of the model run into distributions corresponding to long-term observations in the MAB; netplankton dominated the coast and nanoplankton dominated the slope. This suggested that the model incorporated the mechanisms causing these distributions in the real ocean, namely, the interaction between mixing, differential growth rates, and differential sinking rates. Finally, primary production estimates were within reasonable agreement with those measured in situ, suggesting the applicability of the model in estimating regional-scale primary production.
INTRODUCTION

Background
Chlorophyll estimates from Coastal Zone Color Scanner (CZCS) imagery have revealed a temporal and spatial variability greater than previously realized. Understanding these chlorophyll distributions and their causes is critical for estimating the magnitude and variability of oceanic primary production, which may have significant impact on global climate. Utilizing CZCS data in the development, initialization, and validation of ecosystem simulation models can potentially provide this fuller understanding and increase the confidence of estimates of primary production.
Recent efforts by Walsh et al. [1988] , Wroblewski [1989] , and lshizaka [ 1990] We attempt here to continue and extend these research efforts by developing a numerical simulation model of the Mid-Atlantic Bight (MAB) shelf/slope ecosystem. The model most closely follows that of Walsh et al. [1988] in that it is a coupled four-dimensional physical/biological model. It extends previous efforts in at least four distinct ways: (1) The model includes the MAB slope region, extending to the 2000 m isobath; (2) the model includes both nitrate and regenerated ammonium in order to quantify total primary production, instead of "new" production based only on nitrate uptake; (3) the model includes two phytoplankton groups, netplankton and nanoplankton, which differ in maximum growth rate, sinking rate, and specific light absorption; and (4) the model determines the spectral transmittance of irradiance through the atmosphere and ocean to produce a more realistic description of the light available for phytoplankton growth than the nonspectral calculations used previously. Irradiance transmittance through the atmosphere and oceans has a strong spectral dependence, and neglecting this dependence can result in miscalculation of the light at depth, thus affecting primary production estimates. The model is intended to incorporate the dominant physical, biological, and optical processes of the phytoplankton dynamical system. The primary difference among these regions is the bottom depth, but they also differ in circulation dynamics [Beardsley and Boicourt, 1981] , external influences (e.g., estuaries), phytoplankton species composition [Malone et al., 1983a] , and optically active substances.
COUPLED MODEL
Governing Equations
We assume that, to first order, the large-scale (mesoscale), low-frequency (subtidal) features of the MAB spring bloom may be described by a system of equations comprising mixing, advection, sinking, growth as a function of light, temperature, and nutrient availability, and death by ingestion. This assumption leads to a set of coupled, partial differential equations called the governing equations of the ecosystem simulation analysis, The first term on the right-hand side in (1) and (2) is the diffusion term, the second term accounts for advection, the third in (1) only is sinking (which does not apply to dissolved nutrients, and also goes to zero in the horizontal), and the remaining terms are the biological processes terms. To solve this set of equations, one requires four separate models to obtain numerical values for the variables. These are a physical circulation model to obtain advection, mixing, and sinking; an atmospheric radiative transfer model to obtain spectral irradiance just below the sea surface; an oceanic radiative transfer model to obtain the available spectral irradiance at depth; and a biological processes model to derive growth of phytoplankton resulting from the calculated light field, temperature, and nutrient assimilation, and death resulting from grazing and other ingestion. The circulation model determines the time-dependent horizontal and vertical motions of nutrients and phytoplankton. The radiative transfer models determine the availability of spectral irradiance in the water column at high resolution (10 nm) as a function of attenuation by atmospheric and oceanic constituents. The biological model determines the growth of phytoplankton as a function of the distribution of nutrients and availability of light, and determines death as a function of ingestion. Maximum growth rates are also temperaturedependent, and temperatures increase both seaward and over the spring.
For all models we assume that a pycnocline exists at 200 m on the slope region [Csanady and Hamilton, 1988] . We also assume that the phytoplankton assemblage of the spring MAB can be characterized by two groups, netplankton with diameter >20 tam and nanoplankton with diameter <20 tam [Malone, 1982; Marshall and Cohn, 1987] , which differ in maximum growth rates (netplankton grow faster), light saturation intensities (nanoplankton saturate faster), specific absorption coefficients (higher for nanoplankton), and sinking rates (netplankton sink at 10 m d-1 and nanoplankton at 0.5 m d-•).
Constituent Transport Model
The constituent transport model describes the fourdimensional (x, y, z, t) motion of phytoplankton, nitrate, and ammonium. It involves the processes of advection, diffusion, and sinking. The portion of the transport model that determines advection and horizontal diffusion is quasitransient, in that solutions to the steady state linear transport equations, expressed as a vorticity balance, proceed in time using mean wind stress over wind event periods (3-15 days). 
where J indicates the Jacobian operator. The Jacobian represents the geostrophic portion of the flow, while the curl of the wind and bottom stress components divided by H represent the friction-driven portions of the flow. This description is functionally similar to that of Dieterie [1983, 1986] 2.2.3. Diffusion. Horizontal diffusion is implicit in the advection calculation. However, we explicitly compute vertical eddy diffusivity (assumed equal to viscosity) from the steady wind stress [Csanady, 1976] Based on this information, we specified sinking rates (ss) of 10 and 0.5 m d -l , respectively, for netplankton and nanoplankton. Thus, the sinking rates used here may be considered reasonable, perhaps even conservative, for the specified size ranges of the phytoplankton groups.
The value of w s is prescribed as 0 at the surface and bottom boundaries on the shelf to enforce mass conservation. On the slope, however, particles are allowed to escape the model domain via sinking.
Atmospheric Radiative Transfer Model
The atmospheric radiative transfer model [Gregg and Carder, 1990 ] computes spectral irradiance just below the sea surface at high resolution (10 nm) for cloudless maritime skies as a function of atmospheric optical constituents (e.g., ozone, water vapor, aerosols, oxygen) and reflectance at the air/sea interface. The model computes spectral irradiance in the range 350-700 nm, i.e., within the range required for photosynthetically available radiation (PAR) calculations, and hence in the range important for phytoplankton growth. The irradiance was computed at the center point of each of 124 zonal rows of grid points from sunrise to sunset. The surface irradiance was multiplied by 0.63 to account for clouds, based on a 10-year climatological record at Upton, New York [Nagle, 1978] .
Oceanic Radiative Transfer Model
The oceanic irradiance transmittance model computes the availability of spectral irradiance in the water column, again at high resolution (10 nm). Irradiance is spectrally attenuated in the water column as a function of spectral absorption by seawater, phytoplankton (divided into netplankton and nanoplankton fractions), detritus, and gelbstoff.
Radiative transfer through the ocean for downwelling 
[a•]N(A). Letting Ka(A) = G[a•]N(A), we could determine
G iteratively from the 1% light depth. G is related to the gelbstoff concentration, but includes other residual effects such as the average cosine and the presence of other optical constituents. The data were divided into four regions prior to the iteration, and G was computed for each region separately. We did not allow vertical variation of G.
Biological Model
The biological model describes the processes of growth and death of phytoplankton, and of uptake and excretion of nutrients. Growth is determined as a function of light availability, temperature, and nutrient availability. Lightdependent growth is determined by Steele's [1962] model, which includes the effects of photoinhibition based on the intensity at which light saturation occurs for phytoplankton. These light saturation intensities differ for each phytoplankton group, such that nanoplankton approach maximum growth rate/.t. rn faster than netplankton, but exhibit a greater photoinhibition effect. Steele's model is also modified to include a temperature and phytoplankton group dependence, based on observations by Malone [ 1982] . In this formulation, netplankton have higher maximum growth rates than nanoplankton at the same temperature.
Nutrient availability (as nitrate and ammonium) is determined from the Monod uptake model. We enforce preferential uptake of ammonium over nitrate. While nitrate is established as an unreplenished pool without sources (except at boundaries), ammonium is allowed to reenter the model internally by regeneration as a function of ingestion of phytoplankton. We set the value of regeneration to 0.6'yC i.
Ingestion losses are estimated a priori using the formulation of Walsh et al. [ 1988] . Regional differences are included in this formulation, as suggested by observations [Dagg and Turner, 1982] . Ingestion losses increase only slowly (and nearly linearly) through the spring on the coast and midshelf as a function of daylength, and are approximated by an exponential function (again of daylength) on the outer shelf and slope. Slope ingestion is double the outer shelf rate because temperature observations showed that the slope was nearly 10øC warmer than the shelf in spring 1979. We allow ingestion only during nighttime in the upper nine layers to simulate the vertical migration of herbivores. Ingestion occurs throughout the day in the bottom layer to simulate benthic ingestion, except on the slope.
Initial Conditions
Initial conditions for all substances are shown in Table 1 
Comparison of Model Results With CZCS Imagery
Eleven CZCS images were available for February 28 through May 8, 1979. The images were averaged over four-by-four pixels, producing a direct match to the model horizontal grid spacing.
Means of model-computed first attenuation depth chlorophyll within regions were within 1 standard deviation of the CZCS means, except on the coast (Figure 5 ). In general, trends of chlorophyll across regions from coast to slope were similar in both the model and CZCS imagery, the coast having the greatest biomass and the midshelf the second highest. However, the model computed slightly higher biomass on the slope than on the outer shelf, while the reverse pattern was observed in the imagery.
Temporal trends of computed first attenuation depth chlorophyll concentrations and CZCS estimates were in agreement on the coast (Figure 6 ). Both were typified by an increase through March, then a decrease until May. In May, CZCS estimates began to increase again while the computed concentrations continued to decrease. A depression in the computed concentrations near April 1 corresponded to a very weak wind event, and the peak near April 10 corresponded to the maximum wind event of spring 1979.
No such temporal trend was evident in CZCS chlorophyll estimates for the midshelf, while computed chlorophyll tended to increase throughout the spring (Figure 6 ). Again a peak corresponding to high wind and a valley corresponding to low wind was apparent.
On the outer shelf, little temporal variability was apparent in either the model or CZCS chlorophyll estimates ( Figure  6 ). The two were in very good agreement, averaging about 0.93 and 0.79 mg chlorophyll m -3 , respectively for the same dates. However, computed chlorophyll concentrations on the slope region tended to somewhat exceed CZCS estimates on most days when images were available (Figure 6). A peak near April 1, during the weak wind period, was opposite the pattern on the coast and midshelf, as was a valley near April 10 for the high wind period.
Phytoplankton Group Distributions
As an initial condition of the model, we set netplankton and nanoplankton concentrations equal throughout the domain, at all depths. Results of the model were plotted as mean percent composition of total to investigate resultant distribution patterns (Figure 7) . Netplankton dominated the total chlorophyll on the coast by 78 to 22% and nanoplankton on the slope by about the same ratio, 80 to 20%. There was some oscillation in the regions between, but nanoplankton arrived at a fairly steady 63 to 37% dominance on the outer shelf by the end of the model run. At midshelf, nanoplankton initially dominated in early March, then netplankton attained dominance, reaching a maximum ratio of 64 to 36% on April 13, before finally declining to 55 to 45% at the end of the run.
On the midshelf and outer shelf, patterns of dominance could be related to wind events. The initial slight domination of nanoplankton in early March on the midshelf corresponded to low wind speeds at the initiation of the model. Peak netplankton dominance on midshelf corresponded to the maximum wind event period of the model. The effect of this wind event can also be observed on the outer shelf, illustrated by a decline in nanoplankton dominance following their maximum percentage just after the low wind event of approximately April 1.
Primary Production
Estimates of primary production assumed a carbon to chlorophyll ratio of 50:1. Netplankton production dominated the total primary production on the coast and midshelf, while nanoplankton production dominated on the outer shelf and slope (Figure 8 ';,,T,,,,,,,,,,,,,,,,,,,,,,,,,,i,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Figure 14) .
DISCUSSION
The results suggest that a model incorporating first-order physical, biological, and optical principles can describe the gross features of phytoplankton dynamics in the MAB. Comparison of computed first attenuation depth chlorophyll with CZCS estimates was very good (within 1 standard deviation, except on the coast), when expressed as means within the four major regions of the MAB (Figure 5 ).
Phytoplankton distributions computed by the model were determined by a complex interplay among mixing, advection, growth as a function of light and nutrient availability, and ingestion. The processes interacted in different ways in each of the four major regions of the MAB, and with different relative importance. The processes also interacted in different ways depending upon the dominant phytoplankton group. In the discussion we will describe some of the major processes and interactions at work: namely, physical/ biological coupling, optical/biological coupling, and the processes affecting phytoplankton group distributions. We will then discuss how these processes and interactions determined primary production, and finish with a synopsis of the model results region by region. Higher mixing in the next two periods suspended shelf phytoplankton within the high light environment of the euphotic zone and enabled growth, as evidenced by the increase in primary production (see Figure 8) . Despite this growth, netplankton continued sinking to the bottom layer during this period, resulting in accumulations exceeding 10 mg m -3 on the coast. The higher temperatures of the slope enabled phytoplankton to attain even higher growth rates than inshore and thus compensate losses by downward mixing to remain abundant in the surface layers.
Physical/Biological
Low winds/mixing for the wind period March 29 to April 1 resulted in the depletion of chlorophyll from the surface layer on the shelf and accumulation on the bottom via sinking netplankton. In contrast, a large bloom of predominantly nanoplankton occurred in the surface layer on the slope (Plate 2). The lower winds/mixing of this period reduced downward mixing and enabled the more buoyant nanoplankton to remain in the euphotic zone and grow.
The northwesterly storm in the period April 5-11 had dramatic effects on chlorophyll distributions. Due to vigorous upwelling and mixing, netplankton were re suspended on the shelf, resulting in high primary production (see Figure 8) . of resuspension, growth, and offshore advection in the surface layers in the previous period, and subsequent deposition of sinking netplankton in the present. Slope chlorophyll concentrations increased due to the reduced mixing. Subsequent periods were characterized by relatively low winds/mixing. Nitrate exhaustion on the coast prevented substantial primary production (see Figure 8 ) such that coast phytoplankton were growing almost exclusively on regenerated NH 4 except at estuaries where a source existed. Thus chlorophyll biomass decreased on the coast but increased at midshelf due to available NO 3 and the beginning of replacement of netplankton by nanopiankton (see Figure 7) . This led to the appearance of a midshelf maximum near the 30-m isobath by April 27. Bottom layer chlorophyll concentrations decreased on the coast (Plate 2) due to benthic ingestion and the lack of recruitment from above by sinking netplankton. However, bottom concentrations increased somewhat at midshelf due to sinking netplankton. Outer shelf concentrations generally increased as nanoplankton replaced netplankton as the dominant phytoplankton group in the surface layer (see Figure 7) . On the slope, bottom layer chlorophyll was reduced to zero at the southern and eastern portion of the slope due to high ingestion, a lack of netplankton in the upper layers for recruitment via sinking, and reduced mixing inhibiting exchange across the pycnocline. The slope bloom decreased due to the very large (> 100% of primary production) grazing/ingestion at this time.
Optical/Biological Coupling
The interaction between optical and biological processes was partially obscured by the dramatic effects of the coupling between physical and biological events. Optical/ biological effects occurred on much larger space and time scales (i.e., regional and weekly/monthly) than the physical/ biological interactions, which manifested themselves on pixel (=5 km) and 3-15 day scales. Nevertheless, optical processes were critical in determining the primary production realized by the model. The lower optical thickness of the slope region, due to reduced amounts of chlorophyll, gelbstoff, and detritus, allowed deeper light penetration. This fact, along with higher temperatures and subsequent higher growth rates, was responsible for higher primary production on the slope despite lower biomasses. On the coast, greater optical thickness due to greater concentrations of these optical properties reduced light penetration and delayed the exhaustion of nutrients by restricting primary production.
The atmospheric and oceanic radiative transfer models produced more realistic values of the available irradiance in the water column by spectrally attenuating light in both fluids, which occurs in nature. The spectral models changed not only the spectral quality of the light at depth, but also the total amount and the depth distribution of the light. In the absence of chlorophyll, the spectral models produced as much as 43% less light in the surface layers (<10 m) and 61% more light in the deeper layers as compared to a nonspectral attenuation model derived from the same light penetration data (Figure 4) . These percent differences translated into very large differences in the total irradiance. A nonspectral, or really spectrally averaged, downwelling attenuation coefficient KpAR cannot simultaneously account for the high attenuation in the red wavelengths and low attenuation in the blue by water alone. Addition of spectral chlorophyll attenuation created even greater discrepancies (see Figure 4) . Bear in mind the two models converged in the computation of the 1% light depth and were both regionally dependent. Use of a single KpAR to represent the diverse regions of the MAB would produce even worse results.
The net result of the nonspectral model is an overestimate of the available quanta at the depths where most phytoplankton growth occurs. Since phytoplankton growth is intimately tied to the light available at depth, nonspectral models produce inaccurate estimates of primary production.
Phytoplankton Group Distributions
The resultant distribution of the two phytoplankton groups, with netplankton dominating the total phytoplankton on the coast and nanoplankton on the slope (Figure 7) , was one of the most unambiguous results of this modeling effort. The results showed that at least two phytoplankton groups are required in order to realistically simulate the phytoplankton dynamics in a region as diverse as the MAB. Furthermore, the computed distribution of phytoplankton groups agrees with both theory and observation [Malone et al., 1983a; O'Reilly et al., 1987] .
These results suggest that the model incorporated a physical/biological mechanism to explain these observed distributions in the MAB. The mechanism involves the interaction between mixing, differential sinking rates, and differential growth rates. Netplankton grew faster than nanoplankton in the model, as has been observed in situ [Malone, 1982; Walsh et al., 1987] . Without sinking, they will dominate the total phytoplankton in all regions, as was observed in a test where no sinking or mixing was allowed. But they also sank faster, due mostly to their larger size and Stokes' settling law considerations. Without mixing, then, nanoplankton gained an advantage over netplankton because the latter tended to sink out of the euphotic zone, in spite of the fact that nanoplankton grew more slowly. In shallow areas of the model, however, mixing counteracted the tendency of netplankton to sink out of the euphotic zone and kept them suspended so that they could utilize their higher growth rates to outcompete nanoplankton for nutrients and photons and Even without losses through the pycnocline, sinking of netplankton in deep water took them out of range to be resuspended into the euphotic zone in substantial amounts except under rare high mixing events. This may be noted on the outer shelf where nanoplankton also dominated, although less so than on the slope (Figure 7 ). That they dominated less here was because a source of netplankton existed at the bottom, unlike over the slope, which could be resuspended under high mixing events.
Whereas .mixing acted as a source of netplankton to the euphotic zone, it acted as a sink for nanoplankton. Because of their very low sinking rates, nanoplankton tended to form top-heavy vertical distributions. As nanoplankton were mixed, their redistribution was downward into lower light environments, thus reducing their growth and abundance. Quiescent periods allowed them to remain in the euphotic zone longer and grow. This can also be seen in the figures of primary production and relative abundance (Figures 8 and  7) . During the maximum wind/mixing event of approximately April 10, nanoplankton primary production and percent abundance decreased on the slope while in the calmer periods preceding and following, their production and rela- The interesting point is that a reasonable simulation of seasonal phytoplankton group succession was achieved in a model that contained no buoyancy forcing, and hence no seasonal density stratification, which is thought to be the key factor initiating such succession [Malone and Chervin, 1979; Malone et al., 1983b] . Results in the present model showed that a reduction in total water column mixing due to reduced winds in late spring can induce the necessary conditions for seasonal succession without stratification.
Primary Production
Except for the outer shelf, computed primary production was within reasonable agreement with observations both for the time and location of the model, and for long-term means. Considering the redistribution of netplankton and nanoplankton across regions in the model, these results suggest that the model reproduced the mechanisms responsible for primary production in the MAB, and accounted for variability due to regional differences in physics.
These regional trends in primary production disagreed with those of chlorophyll biomass, the low biomass slope region exhibiting the largest primary production and the high biomass coast exhibiting relatively low production. This suggests that inclusion of physical, biological, and optical variables, as in the model, is required to adequately estimate primary production in diverse regions. Primary production models that use only satellite-derived chlorophyll as an independent variable [e.g., Smith 2 mg m-3) . These large observed chlorophyll biomasses explained the high measured primary production here, also in disagreement with that computed.
Computed biomasses and primary production (and presumably satellite-estimated chlorophyll) resulted from critical depth considerations: The water depth here was too deep to allow resuspension of netplankton except under high mixing events. More buoyant nanoplankton, however, were unable to dominate the total phytoplankton here as much as on the slope because occasional high mixing events provided a source of fast-growing netplankton, unlike the slope where sinking netplankton were lost to the model domain. Such a scenario is plausible, and the high observed chlorophyll values require an alternative explanation.
The explanation could be the existence of the strong and persistent shelf break density front [Houghton et al., 1988 Another possibility might arise by the existence of phycoerythrin-containing cyanobacteria on the outer shelf. Strong light absorption at 550 nm by phycoerythrin [Jeffrey, 1980] would increase the water-leaving radiance ratio of 443 to 550 nm used to derive CZCS chlorophyll [see Gordon et al., 1983] , and produce an underestimate of the actual chlorophyll. Both this scenario and the one involving coccolithophores, however, requires an explanation for the occurrence of these organisms on the outer shelf and not elsewhere on the MAB, an explanation which is elusive.
Finally, ship observations may reflect subgrid, subpixel scale phenomena, i.e., the observations are real but are aliased [Walsh et al., 1987] 
CONCLUSION
The coupled physical/biological/optical model appeared to reasonably well simulate the mesoscale, subtidal features of spring 1979 phytoplankton dynamical system in the MidAtlantic Bight. Computed chlorophyll concentrations in the first attenuation depth were within 1 standard deviation agreement of those estimated by the CZCS on a regional basis, except on the coast. Two phytoplankton groups, which differed in maximum growth rates, sinking rates, and specific spectral absorption, were initiated at equal distributions throughout the model domain, and organized during the course of the model run into distributions across regions that conformed to long-term observations in the MAB. These results suggested that the coupling of physical, biological, and optical processes can provide an adequate representation of the gross features of the spring phytoplankton dynamical system. Furthermore, inclusion of more than one phytoplankton group is necessary to describe distributions in physically diverse regions, such as the MAB.
The success of the model in simulating these processes gave rise to reasonable estimates of regional scale primary production, even in the MAB's physically diverse regions. Thus, the model appeared to be useful for estimating largescale primary production and for examining the interactions between physics and biology causing variations in production and phytoplankton group distributions. The model can thus serve as a basis for developing more sophisticated models from which we may eventually be able to predict variations in primary production and the marine ecosystem.
